Sequence-dependent formation and lack of repair of polycyclic aromatic hydrocarbon-induced DNA adducts correlates well with the positions of p53 mutational hotspots in smoking-related lung cancers (Denissenko et al, 1996 (Denissenko et al, , 1998 . The mycotoxin a¯atoxin B 1 (AFB 1 ) is considered to be a major causative agent in hepatocellular carcinoma (HCC) in regions with presumed high food contamination by AFB 1 . A unique mutational hotspot, a G to T transversion at the third base of codon 249 of the p53 gene is observed in these tumors. To test whether a selectivity of AFB 1 adduct formation is related to this peculiar mutational spectrum, we have mapped AFB 1 -DNA adducts at nucleotide resolution using ligation-mediated PCR and terminal transferasedependent PCR. Human HepG2 cells were exposed to AFB 1 metabolically activated in the presence of rat liver microsomes. Signi®cant adduct formation was seen at the third base of codon 249. However, this was not the major site of AFB 1 adducts and strong adduction was also observed at codons 226, 243, 244, 245 and 248 in exon 7 of the p53 gene and at several codons in exon 8. The damage at codon 249 does not consist of a unique abasic site or ring-opened a¯atoxin B 1 adduct but rather is consistent with the principal N7-guanine adduct of AFB 1 . Time course experiments indicate that, under the conditions used, AFB 1 adducts are not removed in a strand-selective manner and adduct removal from the third base of codon 249 proceeds at a relatively fast rate (50% in 7 h). The incomplete correspondence between sites of persistent AFB 1 damage and the speci®c codon 249 mutation suggests that AFB 1 may not be involved in mutation of this site or that additional mechanisms such as parallel infection with hepatitis B virus may be required for selection of codon 249 mutants in HCC.
Introduction
A¯atoxin B 1 (AFB 1 ), a mold toxin found in some species of Aspergillus, is implicated in the development of liver cancer in countries where food may be contaminated with a¯atoxins. AFB 1 is a potent liver toxin, carcinogen and mutagen in experimental systems (Busby and Wogan, 1984) . Hepatocellular carcinomas from countries with high a¯atoxin exposure show a characteristic mutational spectrum in the p53 gene: almost exclusively G to T transversions at the third base of codon 249 (Hsu et al, 1991; Bressac et al., 1991;  reviewed by Shen and Ong, 1996) . Such a narrow mutational spectrum is remarkable, is not seen in any other tumor type, and has been linked to a speci®c action of a¯atoxin B 1 on the p53 gene. In countries which do not consume AFB 1 -contaminated food, the rate of p53 mutation in hepatocellular carcinoma is low and the mutations are scattered along the central part of the gene Hayward et al., 1991; Murakami et al., 1991; Challen et al., 1992; Kress et al., 1992; Oda et al., 1992; Buetow et al., 1992;  reviewed by Shen and Ong, 1996) , a distribution similar to other types of cancer (Greenblatt et al., 1994) .
The spectrum of mutations in the p53 gene is tumorspeci®c (Greenblatt et al., 1994) . This speci®city may suggest causative agents for certain tumors. For example, skin cancers are characterized by a high frequency of C to T transition mutations at dipyrimidine sites (Ziegler et al., 1993) . The same mutational speci®city is observed when UV light is used as an experimental mutagen in various systems. Most skin cancers are linked to sun exposure, and the logical implication is that skin cancer mutations in the p53 gene are caused by sunlight. This concept is supported by experiments that measure the distribution of UVinduced cyclobutane pyrimidine dimers, the major mutagenic UV-induced lesion, along the p53 gene in irradiated cells. These experiments have shown that skin cancer mutational hotspots are sites of increased dimer formation after sunlight exposure (Tommasi et al., 1997) and are sites of slow repair of these lesions (Tornaletti and Pfeifer, 1994) . A similar case can be made for smoking-related lung cancers. These tumors are characterized by a high percentage of G to T transversion mutations which occur preferentially on the nontranscribed strand of the p53 gene (Greenblatt et al., 1994) . Carcinogens that form bulky DNA adducts with guanines such as polycyclic aromatic hydrocarbons (PAHs) have this same mutational speci®city (Eisenstadt et al., 1982) . Adducts of benzo [a] pyrene, a potent carcinogenic PAH found in cigarette smoke, form preferentially at the sites of most common mutation in lung tumors (Denissenko et al., 1996) . These adducts are repaired ineciently along the nontranscribed strand of the p53 gene, and this strandspeci®city of repair may explain why the vast majority of transversion mutations in lung tumors can be ascribed to guanines on the nontranscribed strand (Denissenko et al., 1998) .
Metabolic activation of AFB 1 by the cytochrome P450 system generates a highly reactive intermediate, AFB 1 -8,9-epoxide, capable of covalent binding to DNA (Essigman et al., 1982; Eaton and Gallagher, 1994; Johnson et al., 1996) . The principal adduct formed is 8, 9 -dihydro -8 -(N7 -guanyl) -9 -hydroxya¯atoxin B 1 (AFB 1 -N7-Gua), both in vitro (Essigman et al., 1977) and in vivo (Lin et al., 1977; Croy et al., 1978) . In addition, DNA damage associated with AFB 1 -N7-Gua is thought to include an apurinic site (AP) and a ringopened AFB 1 -formamidopyrimidine adduct (AFB 1 -FAPY) (Busby and Wogan, 1984; Croy et al., 1978) .
A¯atoxin-N7-Gua adducts are known to promote G to T transversion mutations (Bailey et al., 1996) . Given the examples above, one could hypothesize that the dominance of the codon 249 mutation in hepatocellular carcinomas from areas with high a¯atoxin exposure may be the outcome of selective formation and/or lack of repair of a¯atoxin-DNA adducts at the third base position of codon 249 of the p53 gene. Here, we have measured the formation and repair of AFB 1 -N7-Gua adducts at nucleotide resolution along exons 7 and 8 of the p53 gene in a¯atoxin-exposed human cells.
Results
Hepatocellular carcinoma is a common type of cancer in certain geographic areas of the world, with regions of China and sub-Saharan Africa among the highest incidence areas. The p53 mutational spectra in HCCs dier between countries with high presumed a¯atoxin intake and countries where this type of food contamination is low (Figure 1 ). Although the codon 249 mutation is seen frequently in low incidence areas as well, this particular mutation is completely dominant in high incidence areas (Figure 1a and b) .
To test the sequence preference of AFB 1 binding in the p53 gene in vivo, we exposed human HepG2 hepatocytes to various concentrations of microsomeactivated AFB 1 and determined the location and frequency of AFB 1 adducts by ligation-mediated PCR (Pfeifer et al., 1991) . AFB 1 adducts were detected exclusively at guanine residues and their appearance was dose-dependent ( Figure 2 ). With some exceptions, the preferentially modi®ed sequence was the 5'-GG dinucleotide, the second guanine being often a site of stronger binding. This result con®rms earlier in vitro reports (D'Andrea and Haseltine, 1978; Muench et al., 1983; Benasutti et al., 1988) . 5'-mCG containing sequences were also favorably targeted, although we could not detect as strong an association as shown for benzo [a] pyrene adducts . The same adduct patterns were obtained with microsomes from dexamethasone-or phenobarbital-treated rats ( Figure 2a ) or with human intestinal and liver microsomes although the latter produced weaker signals (data not shown). These data indicate that the distribution of AFB 1 DNA adducts is independent of the cytochrome P450 status of the system used for their generation. The third base of codon 249 appeared to be a site of signi®cant AFB 1 adduct formation, although codons 226, 242, 243, 244, 245 and 248 were equal or even stronger binding sites. This becomes apparent when the bands were quantitated by phosphorimaging and position-dependent LMPCR ampli®cation differences were corrected ( Figure 2b ).
To con®rm that codon 249 is not a preferential or unique target for AFB 1 modi®cation, we used an independent method, terminal transferase-dependent PCR (TDPCR; Komura and Riggs, 1998 ). This method is based on adduct-or strand break-induced termination of primer extension reactions, tailing of the resulting 3' ends with terminal transferase using rGTP, linker-adapter ligation, and PCR. TDPCR done on DNA from AFB 1 -treated cells shows signals at codons 242, 244, 245, 248 and 249 ( Figure 3) when one corrects for the extra two to three nucleotides that are added as part of the procedure. TDPCR bands are not as`sharp' as LMPCR bands due to one or two nucleotide variability in the termination of primer extension and/or addition of Gs by terminal transferase. Nevertheless the pattern seen con®rms the showing piperidine labile sites detected by LMPCR. HepG2 cells were exposed to dierent doses of AFB 1 in the presence of rat liver microsomes. The ®rst two lanes contain markers derived from Maxam-Gilbert chemical DNA sequencing. The next four lanes are from experiments using microsomes from dexamethasone-treated rats, the four rightmost lanes are from experiments using microsomes from phenobarbital-treated rats. The position of p53 codons is indicated on the right. (b) Quantitation of AFB 1 adduct levels on the nontranscribed strand of exon 7 after correction for LMPCR ampli®cation eciency. Relative adduct levels (vertical axis) were calculated from six independent experiments using piperidine and heat treatment to release adducts. The position of individual codons is indicated below the sequence LMPCR results with the advantage that no piperidine or special enzymatic treatment is needed. Note that piperidine treatment may be causing lesions that stop primer extension, since piperidine treated DNA gives a high background, but untreated DNA does not. Clearly both methods show that codon 249 is not a preferential modi®cation site.
It seemed possible that AFB 1 modi®cation of codon 249 would preferentially lead to formation of an abasic site or a ring-opened AFB 1 -FAPY adduct. To test for abasic sites, we used enzymes with AP lyase activity, Fpg protein, T4 endonuclease V, and Nth protein. These enzymes did not create signi®cant amounts of strand breaks at codon 249 in DNA from AFB 1 -treated cells indicating that AP sites are rare at this position ( Figure 4 and data not shown). The presence of the AFB 1 -FAPY adduct was investigated with Fpg protein before and after conversion of the primary AFB 1 adducts to the ring opened form at pH 9.6. Fpg protein has been reported to cleave these ring opened adducts (Chetsanga and Frenette, 1983; Oleykowski et al., 1993) . However, we found that Fpg protein cleaves these adducts quite ineciently. Some cleavage at adduct sites was obtained when large amounts of Fpg protein were used under conditions successfully applied to map oxidative damage at purine bases (Rodriguez et al., 1995) . Codon 249 was cleaved poorly (Figure 4a,b) . While ring-opened N7 adducts are heat stable, heating of AFB 1 -modi®ed DNA at 858C at pH 6.8 results in depurination of the primary (non-FAPY) N7-AFB 1 adducts (Irvin and Wogan, 1985; Bailey et al., 1996) . This was detected by conversion of the resulting AP sites into strand breaks through the AP lyase activity of EndoIII (Figure 4c ). Heat-treatment of the DNA after conversion of adducts at pH 9.6 did not result in strong cleavage by EndoIII suggesting that ring opening had occurred and that AFB 1 -FAPY adducts are heat stable. Since we observed signi®cant EndoIII cleavage at codon 249 after heating but without pH 9.6 treatment (Figure 4c ), this further argues against the possibility that adducts at codon 249 are uniquely FAPY adducts. Collectively, the data in Figure 4 indicate that most of the lesions at codon 249 consist of the primary AFB 1 N7-G adduct rather than of abasic sites or FAPY adducts. It was reported that 20% of the primary adducts can be converted to imidazole ring-opened products after a 24 h period (Croy and Wogan, 1981) . Additional experiments using DNA from cells exposed to AFB 1 and incubated for 10 or 24 h showed that abasic sites or FAPY adducts did not accumulate to detectable levels at this codon (data not shown).
The occurrence of the codon 249 mutational hotspot may be a consequence of lack of removal of AFB 1 adducts at this sequence position. HepG2 cells were exposed to 80 mM of AFB 1 in the presence of microsomes for 30 min. The cells were then incubated for time periods of up to 24 h. A¯atoxin adducts inhibit DNA replication (Sarasin et al., 1977; Refolo et al., 1985) , which argues that the repair kinetics we obtained were not signi®cantly aected by replication events which would dilute the signal. Most adducted guanines were partially or completely removed after a 24 h incubation period ( Figure 5 ). We analysed both DNA strands along exons 7 and 8 of the p53 gene. The data were quantitated by phosphorimaging (Figure 5e ). Disappearance of adducts was time-dependent and was moderately variable between sequence positions. There was no major dierence in removal of adducts from the two DNA strands although we noticed that the two sites of slowest and fastest removal in exon 7 were on the nontranscribed and transcribed strand, respectively (Figure 5e ). Thus, it appears that, under the experimental conditions used (approximately one adduct every 8 ± 10 kb), there is only a minor contribution from the transcription-coupled, strand selective repair pathway (Mellon et al., 1987) . We note that these experiments do not formally distinguish between nucleotide excision repair-dependent removal of AFB 1 -adducts and spontaneous loss of adducts although there is evidence that nucleotide excision repair plays an important role in lesion processing (Sarasin et al., 1977; Leadon et al., 1981) . Importantly, however, adducts were removed from the third base of codon 249 at a faster rate than at most other positions.
Discussion
It is generally assumed that the occurrence of p53 codon 249 mutations in HCC is a consequence of a¯atoxin exposure. Evidence to support this hypothesis stems from the coincidence of high levels of food contamination with a¯atoxin producing fungal species and the occurrence of this particular mutation. Molecular studies also seem to support this link. A¯atoxin B 1 modi®cation of plasmid DNA containing p53 sequences leads to modi®cation at codon 249 . However, stronger polymerase stop bands were observed at codon 248 as well as at other positions. A restriction fragment length polymorphism-based PCR assay was used to assess codon 249 mutations in a¯atoxin-treated cells and in normal liver samples obtained from geographic areas of dierent a¯atoxin exposure levels (Aguilar et al., 1993; . In both cases, the G to T transversion at the third base of codon 249 was observed along with fewer mutations at neighboring codons. Since this assay depends on the presence of a restriction site, only three codons, 248, 249 and 250 could be analysed. Oxidants such as hydrogen peroxide plus ferric chloride also have a high capacity to induce a G to T transversion at the third base of codon 249 (Hussain et al., 1994) . Thus it remains unclear whether induction of the codon 249 transversion is an a¯atoxin-speci®c event, and whether after AFB 1 exposure this event is selective for codon 249 or whether other p53 mutations also occur frequently.
Our results show that, in addition to forming adducts at codon 249, AFB 1 adducts are created at similar or even higher frequency at many additional guanine positions in p53 exons 7 and 8. A large proportion of these other adduct sites would produce missense mutations if a G to T transversion occurs. For example, strong a¯atoxin binding sites are seen at codons 245, 248 and 273, and mutations at these positions, including transversions, are common in other types of cancer (Greenblatt et al., 1994) . This indicates that these other mutational changes (Gly to Cys for codon 245; Arg to Leu for codons 248 and 273), if they had occurred, should have been selected during tumorigenesis. Arginines at codons 248 and 273 are part of the central domain of the p53 protein, are in direct contact with the DNA surface at the p53 protein-DNA interface (Cho et al., 1994) and should be essential for p53 function. Further, the predominance of the codon 249 mutation could not be explained by either the presence of a unique abasic site or FAPY adduct, and was also not related to a lack of adduct removal at this site.
The simplest explanation for this lack of correlation is that a¯atoxin B 1 exposure is not the cause of codon 249 mutations in HCC. Such a supposition is supported by the lack of codon 249 equivalent mutations in HCCs and preneoplastic hepatic lesions induced by a¯atoxin B 1 in nonhuman primates and other animals such as ducks, rats, and squirrels (Fujimoto et al., 1992; Du¯ot et al., 1994; Rivkina et al., 1994; Shen and Ong, 1996) . The p53 gene in ducks lacks the equivalent codon 249 guanine base which is the preferred mutation site in humans (Du¯ot et al., 1994) . In rats, the wild type sequence is CGG instead of AGG (Hulla et al., 1993) . A change in the third base would produce a silent mutation, although a¯atoxin binding to the second base of this codon could produce a change from Arg to Leu. However, in nonhuman primates the sequence is completely identical to the human but no mutations were found in nine a¯atoxin-induced liver tumors including four HCCs (Fujimoto et al., 1992) .
It is also of interest that the key variable, a¯atoxin exposure, has almost never been assessed in studies that found codon 249 mutations. Instead, nationality or geographic location of the hospital were used as surrogate markers for exposure (Lasky and Magder, 1997) . However, before arriving at such an unexpected conclusion, additional explanations need to be considered. We cannot exclude that the AFB 1 -N7 adduct at the third base of codon 249 adopts an unusually mutagenic adduct conformation dependent perhaps on DNA sequence features. It is possible that DNA polymerase bypass of an a¯atoxin-induced lesion is sequence context dependent meaning that a higher mutation rate may occur at sequences of high bypass eciency. As yet there is insucient evidence to support or rule out these assumptions. The availability of site-speci®cally adducted synthetic substrates (Kobertz et al., 1997) should facilitate analysis of these pathways.
The geographical association of a¯atoxin exposure and codon 249 mutation is compromised by the simultaneous high prevalence of hepatitis B virus (HBV) in these areas. A¯atoxin exposure and a positive HBV status appear to be synergistic risk factors in HCC (Ross et al., 1992) . In areas with equal HBV prevalence, a¯atoxin exposure was positively correlated with codon 249 mutations (Unsal et al., 1994) . The codon 249 mutation seems to be more frequent in HBV positive tumors than in HBV-negative ones (Shen and Ong, 1996; Lasky and Magder, 1997) . One attractive working model is that codon 249 mutations may require exposure to AFB 1 , however chronic infection with HBV is also required and leads to selection of the codon 249 mutant. But the situation is probably more complicated than this since there are reports that presence of the HBV X antigen may alleviate the need for a p53 mutation (Ueda et al., 1995; Greenblatt et al., 1997) , presumably because the viral HBxAg protein can functionally inactivate the normal p53 protein. Thus, two very common situations appear to be the coexistence of HBV virus infection and either wild type p53 protein or codon 249 mutant protein. Further work is required to identify the mechanism of selection for this particular mutant in HCC among other p53 mutants that should have equally transforming capacity. Finally, if this coselection theory is incorrect, other possible explanations for the unique occurence of codon 249 mutations should be considered including a¯atoxin B 1 -independent pathways.
Materials and methods

Cell culture and carcinogen treatment
Human HepG2 hepatocytes were cultured in Dulbecco's modi®ed Eagle's medium. AFB 1 damage was induced using a microsomal activation system. Microsomes were prepared as described (Koudriakova et al., 1996; Iatsimirskaia et al., 1997) , either from dexamethasone-or phenobarbitaltreated male adult Sprague-Dawley rats. In all experiments, except where indicated, microsomes isolated from dexamethasone-treated rats were used. HepG2 cells were passaged daily to avoid cells from piling up. Cultures of HepG2 cells were re-seeded on the evening before a¯atoxin exposure and were nearly con¯uent at the beginning of the experiment. These cultures were exposed to AFB 1 (Sigma; 0 ± 400 mM ®nal concentration) in PBS in the presence of microsomes (1.5 ± 2.0 mg protein/ml) and NADPH (Sigma; 2 mM) at 378C for 30 min. Following incubation, cells were extensively washed with PBS and DNA isolated as described (Tornaletti and Pfeifer, 1996) . For repair experiments, HepG2 cells were exposed to 80 mM AFB 1 and incubated for periods up to 24 h.
Detection of AFB 1 adducts
Puri®ed DNA from AFB 1 -treated cells was heated at 908C in 1 M piperidine. This treatment creates strand breaks at the sites of all N7-guanine DNA adducts and also breaks abasic sites. To detect abasic sites, DNA was cleaved with either E. coli endonuclease III (Nth protein, 400 ng protein for 10 mg DNA), E. coli FAPY DNA glycosylase, (Fpg protein, usually 2 mg of protein for 10 mg DNA) or T4 endonuclease V (200 ng of protein for 10 mg DNA). These enzymes possess AP lyase activity to create strand breaks with 5' phosphate groups. Fpg and Nth protein cleavage was done according to Rodriguez et al. (1995) . Conditions for T4 endonuclease V cleavage were as described (Tornaletti and Pfeifer, 1996) . Digested DNA was analysed for cleavage frequency by denaturing alkaline gel electrophoresis. An AFB 1 concentration of 80 mM produced approximately one lesion every 8 ± 10 kb. To convert the primary AFB 1 adducts into AP sites, DNA was heated at 858C for 20 min in 20 mM sodium phosphate buer (pH 6.8) 1 mM EDTA. To convert N7-Gua-AFB 1 adducts into imidazole ring-opened AFB 1 -FAPY adducts, modi®ed DNA was incubated in 0.1 M sodium bicarbonate buer (pH 9.6) at 378C overnight (Chetsanga and Frenette, 1983) . In an attempt to convert these ring opened adducts into strand breaks, Fpg protein was used (2 ± 20 mg protein for 10 mg DNA).
Ligation-mediated PCR (LMPCR) and terminal transferase dependent PCR (TDPCR)
Oligonucleotide primers for LMPCR of the human p53 gene were described elsewhere (Denissenko et al., 1996) . The primers used are located in intronic sequences and allow adduct determination on both DNA strands of exons 7 and 8 (codons 225 to 306) of the p53 gene. One to 2 mg of genomic DNA was used in each LMPCR reaction. LMPCR was done as described (Tornaletti and Pfeifer, 1996) . For quantitation of adduct levels, nylon membranes were exposed to a phosphorimager screen. After subtraction of background values, intensities of all speci®c bands were expressed as proportions of the intensity of the whole sample lane. The resulting numbers were corrected for LMPCR eciency at each individual nucleotide position by using the Maxam-Gilbert sequencing lanes as a reference. The base-position-dependent signals in MaxamGilbert sequencing lanes are approximately equal after endlabeling (G. Holmquist, personal communication) and the LMPCR intensity of a Maxam-Gilbert band is therefore proportional to LMPCR eciency at this nucleotide position. Repair rates were quantitated as described (Denissenko et al., 1998) . The TDPCR reactions were carried out using 1 mg of DNA from a¯atoxin treated cells under conditions described elsewhere (Komura and Riggs, 1998) .
